Most probable numbers (MPNs) of methanogens in various salt marsh and estuarine sediments were determined with an anaerobic, habitat-simulating culture medium with 80% H2 plus 20% C02 as substrate. Average MPNs for the short Spartina (SS) marsh sediments of Sapelo Island, Ga., were maximal at the 5-to 7-cm depth (1.2 x 107/g of dry sediment). Populations decreased to approximately 880/g of dry sediment at the 34-to 36-cm depth. There was no. significant difference between summer and winter populations. In tall Spartina (TS) marsh sediments, average populations were maximal (1.2 x 106/g of dry sediment) in the upper 0-to 2-cm zone; populations from the 5-to 36-cm zones were similar (average of 9 x 104/g of dry sediment). Methanogenic populations for TS sediments of James Island Creek marsh, Charleston, S.C., were similar (average of 3 x 106/g of dry sediment) for all depths tested (0 to 22 cm), which was comparable to the trend observed for TS sediments at Sapelo Island, Ga. Sediment grab samples collected along a transect ofJames Island Creek and its adjacent Spartina marsh had MPNs that were approximately 20 times greater for the region of Spartina growth (average of 106/g of dry sediment) compared with the channel (approximately 5 x 104 methanogens per g of dry sediment). A similar trend was found at Pawley's Island marsh, S.C., but populations were approximately one order of magnitude lower. In vitro rates of methanogenesis with SS sediments incubated under 80% H2-20% CO2 showed that the 5-to 7-cm region exhibited maximal activity (51 nmol of CH4 g-' h-1), which was greater than rates for sediments above and below this depth. SS sediment samples (5 to 7 cm) incubated under 100% N2 and supplemented with formate exhibited rates of methanogenesis similar to those generated by samples under 80% H2-20% CO2. Replacing the N2 atmosphere with H2 resulted in an eightfold decrease in the rate of methanogenesis. In vitro methanogenic activity by TS salt marsh sediments, incubated under 80% H2-20% CO2, was similar for all depths tested (0 to 22 cm). TS sediment samples (0 to 7 cm) supplemented with formate and incubated under 100% N2 had greater rates of methanogenesis compared with unsupplemented samples.
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Estuaries and salt marshes are complex ecosystems containing plant, animal, and microbial life. An important component of both ecosystems is the sediment, which is anaerobic and highly reduced, except for the immediate surface and perhaps some microzones adjacent to plant roots. There is a complex, anaerobic microbial community in these sediments, but little is known about which types are present, their populations, or their importance.
It has been shown that marine sediments generate methane (2, 9, 10, 12, 16, 19, 23) , and the evidence suggests that it is of biological origin. Similar observations have been made for freshwater lake sediments (4, 6, 14, 15, 29) , and for this system populations of methane-producing organisms have been measured (3, 5) . To date, no information is available regarding the populations of methane-producing organisms in marine sediments. The goals of the present study were to quantitate the methanogenic populations of various marine sediments, but principally those of the salt marsh ecosystem, and to measure in vitro rates of sediment methanogenesis.
MATERIALS AND METHODS
Environments studied. The marshes of Sapelo Island, Ga., are extensive intertidal systems, and one plant, Spartina alterniflora, predominates with several growth forms. Populations of methanogenic organisms and in vitro methanogenesis were determnined for sediments in two distinct regions of this marsh. One was immediately adjacent to a tidal creek and is typical of the zone described as "streamside," or "tall Spartina" (TS) marsh, which comprises approximately 10% of the marsh area (18, 24) . Here S. alterniflora produces aerial shoots of 2 to 3 m and a confluent, nondense root system to a depth of approx-imately 1 m. The sediment is loosely packed and is subjected twice daily to tidal flushing. The second region investigated comprises approximately 40% of the marsh area and is known as "high" or "short Spartina" (SS) marsh (18, 24) . This region is a flat zone between TS and the high tide mark, where S. alterniflora grows to heights of only 0.5 to 1 m and forms a dense root system to a depth of approximately 20 cm. This region receives minimal tidal action, with little or no mixing as a result of infiltrating waters (25, 26) . The sediments of both regions are black, saline, smell of H2S, and have redox potentials of -200 mV at depths of 5 to 10 cm below the sediment surface (25, 26) . The Sapelo Island marsh was chosen as the primary site for study because of the wealth of physical, chemical, and biological data already available for this system (7, 12, 22, (24) (25) (26) .
Other sediments examined were collected from creek bottoms and TS regions of salt marshes at James Island Creek, Charleston, S.C., and Pawley's Island, S.C. These TS marsh areas had characteristics similar to the TS sediments of the Sapelo Island marsh.
Collection of sediment samples. Salt marsh sediment cores were obtained from SS and TS zones with a thin-walled aluminum pipe (7.6 cm by 1.5 m long), and were processed within 1 h, except for those from James Island marsh, Charleston, S.C., which were stored at 0 to 5°C for 1 week. produced from CO2 plus H2 in the MPN tubes occurred according to the following reaction: CO2 + 4H2 --CH4 -. 2H20. At ambient temperature this reaction resulted in a net decrease in gas volume, which gave a reduced pressure within a sealed MPN tube, and this could be readily detected as described by Paynter and Hungate (21) . A 5-ml greased syringe, fitted with a 1.0-inch, 21-gauge, Huber point needle, was flushed and filled with 80% H2-20% CO2. The needle was inserted through the butyl rubber stopper of an MPN tube, and the change in gas volume in the syringe barrel was noted. Tubes showing a gas uptake of 2 ml or more were scored as containing methane. This indirect criterion for methane production was confirmed by gas chromatographic analysis by use of a Beckman GC-2 gas chromatograph fitted with thermal conductivity detectors and a stainless steel silica gel (60/80-mesh) column (2.1 m by 6.4 mm) and operated at 25°C with N2 as carrier gas at a flow rate of 15 ml/min. The highest dilution tubes of an MPN series that showed a negative pressure of greater than 2 ml were analyzed by gas chromatography for methane. In every case in which such a negative pressure was detected, methane was present. Methane was not detected by gas chromatography in the high dilution MPN tubes that showed no gas uptake.
Since no methane was detected in an MPN series that was sterilized by autoclaving (15 lb/in2 for 20 min) before incubation, it was assumed that methane produced in MPN series was of biological origin and that methane-positive tubes originally contained at least one methanogenic organism. The distribution of methane-positive and methanenegative tubes was used to calculate the MPNs from appropriate tables (1) .
Duplicate samples of primary sediment slurry (2 ml) were dried at 105°C to constant weight, and all methanogenic populations were expressed as methanogens per gram of dry sediment.
In vitro rates of sediment methanogenesis. The amount of methane released to the gas space was measured quantitatively with time. This was accomplished by inserting, through the serum bottle stopper, the needle (1-inch, 25-gauge, Huber point) of a 5-ml greased glass syringe, previously filled with a gas atmosphere similar to that employed to prepare the incubation mixture. Uptake of gas was measured, and the process was repeated until 2 to 5 ml of gas mixture remained in the syringe after the needle was inserted through the stopper. Gas in the syringe was forced into the vial, and then the plunger was released to allow gas to once again enter the syringe. This flushing process was repeated five or six times. Gas was finally removed so that the vial was at atmospheric pressure. The volume of gas removed was noted. b Core stored at 0 to 2°C for 9 days before processing.
on the methanogenic population in a SS sediment core is presented in Table 1 . There was no significant effect compared with replicate sediment cores processed immediately.
Populations of methane-producing organisms in several South Carolina marine sediments are presented in Table 3 . The vertical distribution of methanogens of the TS region at James Island Creek marsh was similar to the trend observed for the TS region at Sapelo Island, Ga. The population did not vary significantly between the 0-to 2-cm and 20-to 22-cm zones (range of 2.5 x 105 to 5.3 x 106/g of dry sediment). From the adjacent James Island Creek, duplicate sediment grab samples (approximately top 10 cm) were collected along a transect beginning at the Spartina marsh edge and extending 70 m into the estuarine creek. The highest methanogenic population (1.1 x 106/g of dry sediment) occurred in sediment nearest Spartina growth at the creek edge. The population was approximately 1.5 orders of magnitude less in adjacent creek sediment, with no significant change with distance from the Spartina edge. A similar situation was found for Pawley's Island marsh sediment. A higher population of methane producers (1.5 x 105/g of dry sediment) occurred near Spartina growth as compared with the adjacent creek sediment (2.5 x 104/g of dry sediment).
Methanogenic populations of duplicate sedi- the 5-to 7-cm depth. This rate was appproximately 10 times greater than that of the 0-to 2-and 34-to 36-cm zones and approximately four times greater than the rates produced from all other depths. Methanogenesis by 5-to 7-cm subcores was 90% inhibited by the addition of 10% (vol/vol) chloroform. Maximal in vitro rates of methane production by 5-to 7-cm subcores collected in May 1975, from the SS region of Sapelo Island, Ga., are presented in Table 5 . Subcores were suspended in reduced seawater under an atmosphere of 80% H2-20% CO2 or 100% N2. The effect of adding sodium formate, sodium acetate, or sodium lactate at a final concentration of 0.25% (wt/vol) was tested. Maximal rates were similar (4 to 11 nmol of CH4 g dry sediment-' h-1) during the Maximal rates of methanogenesis by subcores taken at various depths collected in August 1975, from the TS region of the Sapelo Island, Ga., salt marsh are presented in Table 6 . Rates under an atmosphere of 80% H2 plus 20% CO2 were similar at all depths tested (2.2 to 5.7 nmol of CH4 g dry sediment-' h-1). Addition of 0.25% (wt/vol) sodium formate to 0-to 2-, 3-to 5-, and 5-to 7-cm sediment, incubated under 100% N2, stimulated methanogenesis compared with unsupplemented sediment samples under 100% N2.
Subcores from 3-to 5-cm were maximally stimulated by formate. Addition of 0.25% (wt/vol) sodium acetate to 0-to 2-, 3-to 5-, and 5-to 7- cm sediments, incubated under 100% N2, did not appreciably increase the rate of methanogenesis. DISCUSSION Populations of methane-producing organisms were found at all depths tested (0 to 36 cm) in various salt water and salt marsh sediments. Sediment cores from the SS marsh at Sapelo Island, Ga., had the highest average populations of methane producers in the upper 7-cm zone, and populations decreased with depth below 7 cm. There was no significant difference between summer and winter populations.
Sediment cores from the TS region of the Sapelo Island, Ga., salt marsh possessed highest average populations of methane producers in the upper 0-to 2-cm zone, and the populations remained essentially constant, but one order of magnitude less, at all depths sampled below 2 cm. The average population level in the upper 0-to 7-cm region was approximately one order of magnitude less than that found in the top 7 cm of the SS region. The average methanogenic population from 12 to 36 cm was 9 x 104/g of dry sediment, which is different from the population trend found in the SS region, which de- The average methanogenic population distributions of SS and TS sediments at Sapelo Island, Ga., correlated with the total microbial biomass distribution found by Christian et al. (7) as measured by adenosine triphosphate concentration. The methanogenic populations and adenosine triphosphate concentrations of the SS region were highest in the 0-to 7-cm region and decreased from the 5-to 7-cm level with depth. Both the methanogenic populations and ATP concentrations of the TS region were highest in the 0-to 2-cm region, and values found from 5 to 34 cm were slightly lower and did not vary with depth, which is a strikingly different pattern from that obtained for the SS region.
Methanogenic populations of TS sediments collected at James Island salt marsh in Charleston, S.C., which is similar in physical characteristics to the TS region at Sapelo Island, Ga., indicated that methane-producing organisms occurred at similar concentrations and at similar depths for different salt marshes along the South Carolina and Georgia coasts. The methanogenic populations did not vary with depth but they were approximately one order of magnitude greater than those found for the TS marsh at Sapelo Island, Ga.
Results for grab samples from the James Island Creek transect and Pawley's Island marsh indicate that the highest methanogenic populations are found in sediments where Spartina grows, as compared with creek sediments void of plant growth. Anaerobic, cellulose-degrading bacteria (probably clostridial species) inhabit these Spartina salt marsh sediments (Jones, unpublished data). Fermentation products of cellulose degradation by pure cultures of these bacteria include acetate, lactate, ethanol, and H2 plus CO2 (Jones, unpublished data). Acetate and H2 plus CO2 produced in situ could both serve as substrates for methanogens, and thus may influence not only potential methanogenic activity, but also populations and predominant types of methanogenic bacteria.
The rate of in vitro sediment methanogenesis under 80% H2 plus 20% CO2 for the SS region of Sapelo Island, Ga., was greatest at the 5-to 7-cm depth and was approximately nine times greater compared to the 0-to 2-cm depth. The lower rate of methanogenesis for the 0-to 2-cm zone was unexpected, since MPNs for the 0-to 2-cm zone were equal to, or greater than, MPNs for the 5-to 7-cm zone. There are several explanations for this observation. One possibility is that the methanogenic organisms are partially inhibited by some compound in the sediment, perhaps sulfide. Production of sulfide was indicated by the accumulation of black, precipitated FeS and the smell of H2S, especially with samples from the upper 10 cm of sediment. Other investigators (5, 17, 27) have explored the possibility of sulfide inhibition of methanogenesis, but most experiments indicate that only extremely high concentrations of sulfide (greater than 100 mg/ml) caused inhibition (27) . A second explanation is that competition may exist for molecular hydrogen in the upper sediment region between sulfate reducers and methane producers, assuming that the in situ substrate for methanogenesis is H2 plus CO2. Winfrey et al. (27, 28) demonstrated that H2 and acetate are factors limiting methanogenesis in freshwater sediments and that sulfate inhibition of methanogenesis was due to a competition for available hydrogen by sulfate-reducing bacteria and methane-producing bacteria. Oremland and Taylor (20) also showed that H2 addition to seagrass sediment slurries stimulated methanogenesis in the presence of sulfate at concentrations typical for seawater. However, H2 was not limiting in our experiments with sediment slurries, since an atmosphere of 80% H2-20% CO2 was used. Therefore, this cannot be the explanation. Recently, Kosiur and Warford (13) indicated that the processes of sulfate reduction and methane production can occur concomitantly in the sulfate-reducing zone of marine sediments, and they suggested that "the low observed methane concentrations reflect a balance between production and consumption in that zone." If sulfate-reducing bacteria consume methane or if other reactions occur involving the anaerobic oxidation of methane, then a lower than expected release of methane may occur, and one zone may appear to be more active than another. In undisturbed sediments, "niche"-related aerobic oxidation (such as the microlayer surrounding plant roots) of methane may occur and thus decrease the actual release of methane to the atmosphere. Another explanation is that methanogenic activity may be limited to specific niches, either vertically or horizontally oriented within the complex sediment community. This consideration best explains the differences found in this study compared with that by King and Wiebe (12) , who found no distinct maximal zone of in vitro sediment methanogenesis in salt marsh sediments.
The rate of in vitro sediment methanogenesis for the 5 Maximal rates of in vitro sediment methanogenesis for the TS region were lower compared with the maximal rates found for the SS region when incubated under an atmosphere of 80% H2-20% C02. However, maximal rates were similar in the two distinct regions when incubated under 100% N2 and supplemented with formate. In the study by King and Wiebe (12) , in situ release of methane was much greater in SS marsh sediments compared to TS sediments, even though potential microbial activity, as measured by Christian and Wiebe (8) , is reported to be higher in the TS sediments compared to SS sediments. It is likely that similar microbial processes occur in both marsh regions, but factors such as competition for substrates and availability of substrates may drastically affect the methanogenic activity in these physically distinct marsh sediments.
Methane-producing bacteria inhabit a variety of marine sediments at similar concentrations and at similar depths along the South Carolina and Georgia coasts. It is possible that formateutilizing methanogens are an important component. The process of methanogenesis in marine sediments may be regulated by a variety of factors, including substrate availability and interaction with other sediment microbes. Further studies are needed to establish the effect of various microbial processes, such as methane oxidation and sulfate reduction, on the activity of the methanogens.
